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BANDGAP VOLTAGE REFERENCE CIRCUIT 

FIELD OF THE INVENTION 

The present invention relates to a bandgap voltage refer 
ence circuit. The invention more particularly relates to a 
bandgap voltage reference circuit Which does not require a 
resistor. 

BACKGROUND 

Bandgap voltage reference circuits are Well knoWn in the 
art. Such circuits are designed to sum tWo voltages With 
opposite temperature slopes. One of the voltages is a Comple 
mentary-To-Absolute Temperature (CTAT) voltage typically 
provided by a base-emitter voltage of a forWard biased bipo 
lar transistor. The other is a Proportional-To-Absolute Tem 
perature (PTAT) voltage typically derived from the base 
emitter voltage differences of tWo bipolar transistors 
operating at different collector current densities. When the 
PTAT voltage and the CTAT voltage are summed together the 
summed voltage is at a ?rst order temperature insensitive. 
An example of a prior art bandgap voltage reference 100 is 

illustrated in FIG. 1. Such a circuit is typical of prior art 
arrangements and requires tWo resistors. The bandgap volt 
age reference circuit 100 includes a ?rst substrate PNP bipo 
lar transistor Q1 operating at a ?rst collector current density 
and a second substrate PNP bipolar transistor Q2 operating at 
a second collector current density Which is less than that of the 
?rst collector current density. The emitter of the ?rst bipolar 
transistor Q1 is coupled to the inverting input of an opera 
tional ampli?er A and the emitter of the second bipolar tran 
sistor Q2 is coupled via a resistor rl to the non-inverting input 
of the ampli?er A. The collector current density difference 
betWeen Q1 and Q2 may be established by having the emitter 
area of the second bipolar transistor Q2 larger than the emitter 
area of the ?rst bipolar transistor Q1. Alternatively multiple 
transistors may be provided in each leg, With the sum of the 
collector currents of each of the transistors in a ?rst leg being 
greater than that in a second leg. As a consequence of the 
differences in collector current densities betWeen the bipolar 
transistors Q1 and Q2 a base-emitter voltage difference 
(AVbe) is developed across the resistor r1. 

kT (1) 
AVbL, : ?ln(n) 

Where: 
k is the Boltzmann constant, 
q is the charge on the electron, 
T is the operating temperature in Kelvin, 
n is the collector current density ratio of the tWo bipolar 

transistors. 
A PTAT current, IPTAZ, is generated as a result of the 

voltage difference AVbe dropped across r1. 

AVbE 
"1 

(Z) 
IPTAT = 

A current mirror arrangement comprising three PMOS 
transistors MP1, MP2 and MP3 of similar or different aspect 
ratios are driven by the output of the ampli?erA to mirror the 
PTAT current I PTAT. It Will be appreciated by those skilled in 
the art that the collector current density difference betWeen 
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2 
Q1 and Q2 can also be achieved by having the aspect ratio 
(related to the Width/Length (W/L) of the MOS device) of 
MP1 greater than the aspect ratio (W/L) of MP2 so that the 
drain current of MP1 is greater than the drain current of MP2. 
A third PNP bipolar transistor Q3 is coupled to a voltage 

reference output node ref via a resistor r2. The PMOS tran 
sistor MP3 mirrors the PTAT current IPTAT derived from the 
emitter voltage difference (AVbe) developed across the resis 
tor r1. The PTAT current provided by MP3 ?oWs to the emitter 
of the third bipolar transistor Q3 through resistor r2. The 
voltage at the output node ref is equal to the summation of the 
base emitter voltage Vbe of the third bipolar transistor Q3 plus 
the base emitter voltage difference AVbe resulting from the 
PTAT current I PTAT ?oWing through r2. 

Accordingly, the voltage reference Vref at node ref is 
dependent on the resistance of resistors rl and r2. For a spe 
ci?c current density ratio, n, and a corresponding resistor 
ratio, r2/rl, the reference voltage is substantially temperature 
insensitive. 

It Will be understood that When providing circuits in silicon 
that different circuit elements Will occupy different amounts 
of the available silicon substrate. For loW poWer applications 
resistors typically occupy relative large areas. From a revieW 
of FIG. 1, it is apparent that the bandgap voltage reference 
circuit 100 requires tWo resistors r1, r2. These elements Will 
occupy a large silicon area Which is undesirable for loW poWer 
voltage designs. 
As Well as occupying large areas on the silicon, those 

skilled in the art Will appreciate that resistors suffer in their 
sensitivity to process variations in that the resistance of resis 
tors may vary from lot to lot of the order of +/—20%. Such 
resistance variation of the resistors rl and r2 results in a cor 
responding PTAT current I PTAT variation and hence a refer 

ence voltage Vrefvariation. 
There is therefore a need to provide a bandgap voltage 

reference Which may be implemented using a reduced silicon 
area than for prior art arrangements. Such a reference could 
be used for loW poWer applications and should exhibit less 
sensitivity to process variation. 

SUMMARY 

These and other problems are addressed in accordance 
With the teaching of the present invention by providing a 
bandgap voltage reference circuit incorporating a MOS 
device operating in the triode region With a corresponding 
drain-source resistance r0”. The drain-source resistance r0” of 
MOS devices are less sensitive to semiconductor process 
variations compared to resistors. A PTAT current required for 
the generation of the voltage reference is generated by pro 
viding a base-emitter voltage difference AVbe across the 
drain-source of the MOS device. 

These and other features Will be better understood With 
reference to the folloWings Figures Which are provided to 
assist in an understanding of the teaching of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present application Will noW be described With refer 
ence to the accompanying draWings in Which: 
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FIG. 1 is a schematic circuit diagram of a prior art bandgap 
voltage reference circuit. 

FIG. 2 is a schematic circuit diagram of a circuit provided 
in accordance With the teaching of the present invention. 

FIG. 3 is a schematic circuit diagram of a circuit provided 
in accordance With the teaching of the present invention. 

FIG. 4 is a schematic circuit diagram of a circuit provided 
in accordance With the teaching of the present invention. 

FIG. 5 is a schematic circuit diagram of a circuit provided 
in accordance With the teaching of the present invention. 

DETAILED DESCRIPTION OF THE DRAWINGS 

The invention Will noW be described With reference to 
some exemplary bandgap voltage reference circuits Which are 
provided to assist in an understanding of the teaching of the 
invention. It Will be understood that these circuits are pro 
vided to assist in an understanding and are not to be construed 
as limiting in any fashion. Furthermore, circuit elements or 
components that are described With reference to any one 
Figure may be interchanged With those of other Figures or 
other equivalent circuit elements Without departing from the 
spirit of the present invention. 

Referring to the draWings and initially to FIG. 2 there is 
illustrated a bandgap voltage reference circuit 200 Which 
generates a bandgap reference voltage Without using a resis 
tor in accordance With the teaching of the present invention. 
The circuit 200 comprises a ?rst PNP bipolar transistor Q1 
operating at a ?rst collector current density and a second PNP 
bipolar transistor Q2 operating at a second collector current 
density Which is less than that of the ?rst collector current 
density. The emitter of the ?rst bipolar transistor Q1 is 
coupled to the inverting input of an operational ampli?er A 
and the emitter of the second bipolar transistor Q2 is coupled 
via a load NMOS device MN1 to the non-inverting input of 
the ampli?erA. The source of the load NMOS transistor MN1 
is coupled to the emitter of the second bipolar transistor Q2 
and the drain of MN1 is coupled to the non-inverting input of 
the ampli?erA. The bases and collectors of both PNP bipolar 
transistors Q1, Q2 are coupled to a ground node gnd. 

The output of the ampli?er A drives a current mirror 
arrangement comprising tWo PMOS transistors namely, 
MP1, MP2 Which mirror the PTAT current generated by the 
voltage drop across the drain-source of MN1, as Will be 
described beloW. The PMOS transistors MP1, MP2 are of 
similar aspect ratios With their sources coupled to a poWer 
supply Vdd and their gates coupled together so that they are 
biased to provide the same drain currents. 
TWo cascoded NMOS transistors MN2 and MN3 are 

coupled betWeen the drains of the load NMOS transistor 
MN1 and the second PMOS transistor MP2. The gates of the 
three NMOS transistors MN1, MN2 and MN3 are coupled to 
the drain of MP2. Thus, the NMOS transistor MN3 is pro 
vided in a diode con?guration and operates in the saturation 
region. 

The load NMOS transistor MN1 operates in the triode 
region, and may be constructed by connecting a plurality ‘m’ 
of unity stripe NMOS transistor in parallel. The second 
NMOS transistor MN2 also operates in the triode region and 
comprises a single unity stripe NMOS transistor. The band 
gap reference voltage is available from an output node, ref, 
common to the source of MN3 and the drain of MN2. 

The collector current density difference betWeen Q1 and 
Q2 may be established by having the emitter area of the 
second bipolar transistor Q2 larger than the emitter area of the 
?rst bipolar transistor Q1. In an alternative arrangement, mul 
tiple transistors may be provided in each leg, With the sum of 
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4 
the collector currents of each of the transistors in a ?rst leg 
being greater than that in a second leg. It Will be appreciated 
by those skilled in the art that the collector current density 
difference betWeen Q1 and Q2 can also be achieved by having 
the aspect ratio (Width/Length (W/L) of the MOS device) of 
MP1 greater than the aspect ratio (W/L) of MP2 so that the 
drain current of MP1 is greater than the drain current of MP2. 
The collector current density difference betWeen Q1 and Q2 
may be achieved in any one of a number of different Ways and 
it is not intended to limit the teaching of the present invention 
to any one speci?c arrangement. Irrespective of the technique 
used for fabricating the collector current differences, as a 
consequence of these differences in collector current densi 
ties betWeen the bipolar transistors Q1 and Q2, a base-emitter 
voltage difference (AVbe) is developed across the drain 
source resistance r0” of the load NMOS device MN1. 

In operation, the load transistor MN1 and the cascoded 
transistor MN2 are biased to provide the same drain current 
but have different aspect ratios. The difference in the aspect 
ratios betWeen the load transistor MN1 and the cascoded 
transistor MN2 is translated to a difference in voltage drop 
across their respective drain-sources. 

A PTAT current is provided by the drain current of MP2 
Which ?oWs to the drains of the three NMOS transistors MN1, 
MN2, and MN3: 

Avb, (4) 
[PTAT = 

As the load NMOS transistor MN1 is constructed from ‘m’ 
unity stripe NMOS transistors the drain current of MN1 may 
be expressed by equation 5. 

[3 is the MOS transistor parameter; 

In is the number of identical stripes, parallel connected; 

Vgs 
Vdsl is the drain-source voltage of MN1 Which is equal to 

base-emitter voltage difference, AVbe, 
Vt, is the threshold voltage. 
The MOS transistor’s [3 parameter in the triode region is 

given by equation 6. 

1 is the gate-source voltage of MN1, 

(6) 

Where: 

p. is the charge carrier’s mobility in the channel, 
Cox is the oxide capacitance per unit area, 
W/L are the MOS transistor’s aspect ratio. 
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From equation (5) We can extract: 

(7) 
Vgsl — V! : 

As the second NMOS transistor MN2 operates in the triode 
region, its gate-source voltage is less that gate-source voltage 
of MN1 by AVbe. MN2 is a single unity stripe NMOS tran 
sistor and its drain current is given by equation 8. 

Vdsl is the drain-source voltage of MN1, and 
Vds2 is the drain-source voltage of MN2. 
If the [3 parameter of each of the transistors MN1 and MN1 

is very loW as a result of relatively small aspect ratios (W/L) 
the folloWing approximation can be made. 

(9) 

The approximation of equation 9 can be set via the MOS 
transistor aspect ratio (W/ L). 

In this exemplary arrangement, the bandgap voltage refer 
ence circuit 200 is fabricated using a submicron CMOS pro 
cess With Kn:30 uA/V2. The drain current from MP2 is 1 HA, 
and MN1 comprises four unity stripe NMOS transistors. The 
base-emitter voltage difference AVbe is 100 mV and AVbe 
plus Vds2 is 550 mV. Additionally, the aspect ratio W/L of 
equation (9) is 1/30, Which corresponds to 3.3% approxima 
tion. Using these values, it is possible to equate a relationship, 
such as that set forth in equation 10. 

1d 30 
(10) (Al/be; Van) 

From equation (10): 

(11) 
Avbe 

d 

0.1 V 

1 11A 

; 0.01 

A practical choice for the dimensions of the MOS devices 
can be WIl um, LIlOO um. If equation (9) is true then the 
drain source voltage of MN2 Vds2 is a scaled replica of base 
emitter voltage difference. 

Vds2:m*A Vbe (12) 
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6 
As a result, if the offset voltage of the ampli?er A is 

neglected, the drain voltage of MN2 is given by equation (13). 

(13) 

For a particular value of ‘m’ the tWo terms in equation (1 3) 
are balanced such that the reference voltage Vrefis to a ?rst 
order temperature insensitive. As equation (13) shoWs the 
reference voltage Vref is independent of MOS transistors 
parameters, except their stripe number ratio, ‘In’. 

Referring noW to FIG. 3, there is illustrated another band 
gap voltage reference circuit 300 Which generates a bandgap 
voltage reference Without using a resistor in accordance With 
the teaching of the present invention. The bandgap voltage 
reference circuit 300 is substantially similar to the bandgap 
voltage reference circuit 200, and like components are iden 
ti?ed by the same reference labels. The circuit 300 may oper 
ate from a loWer poWer supply Vdd compared to the circuit 
200 as the load transistor MN1 is not cascoded on the second 
bipolar transistor Q2. The main difference betWeen the circuit 
300 and the circuit 200 is that the emitter of the secondbipolar 
transistor O2 is directly coupled to the non-inverting input of 
the ampli?er A. The drain of the load NMOS transistor MN1 
and the source of the cascoded NMOS transistor MN2 are 
coupled to the base of the second bipolar transistor Q2. TWo 
additional PMOS transistor current mirrors MP3 and MP4 of 
similar aspect ratio to MP1 and MP2 are also driven by the 
output of the ampli?er A for providing bias current. The 
source of MP3 is coupled to the Vdd poWer supply, and its 
drain is coupled to the drain and gate of the diode con?gured 
cascoded NMOS transistor MN3. The source of MP4 is 
coupled to the Vdd poWer supply, and its drain is coupled to 
the emitter of a third bipolar PNP bipolar transistor Q3 Which 
has its base coupled to a node common to the source of MN3 
and the drain of MN2. The collector of the third bipolar 
transistor O3 is connected to ground. The output node, ref, in 
this embodiment is common to the emitter of the third bipolar 
transistor Q3 and the drain of the fourth PMOS transistor 
MP4. 
The operation of the circuit 300 is substantially similar to 

the operation of the circuit 200. A base-emitter voltage dif 
ference betWeen the ?rst bipolar transistor Q1 and the second 
bipolar transistor Q2, AVbe, is developed across the drain 
source of the load NMOS transistor MN1 Which results in a 
PTAT current. The PTAT current is mirrored by each of the 
PMOS transistors MP1, MP2, MP3 and MP4. The ?rst and 
second PMOS transistors MP1 and MP2 provides current to 
the emitters of the ?rst and second bipolar transistors Q1 and 
Q2, respectively. The third PMOS transistor MP3 provides 
current to each of the NMOS transistors MN1, MN2, and 
MN3. The fourth PMOS transistor MP4 provides current to 
the emitter of the third bipolar transistor Q3. The reference 
voltage at the output node ref is the summation of the base 
emitter voltage difference AVbe developed across the drain 
source of the load NMOS transistor MN1 With the voltage 
drop across drain-source of MN2 and the base-emitter voltage 
(CTAT) of the third bipolar transistor Q3. Thus, the voltage at 
the output node ref is also given by equation (13) above. 

Referring noW to FIG. 4, there is illustrated another band 
gap voltage reference circuit 400 Which generates a bandgap 
voltage reference using a MOS device across Which a base 
emitter voltage difference may be generated in accordance 
With the teaching of the present invention. The bandgap volt 
age reference circuit 400 is substantially similar to the band 
gap voltage reference circuit 300, and like components are 
identi?ed by the same reference labels. The main difference is 
that the ampli?erA as Well as having differential inputs also 
has differential outputs, namely, non-inverting output, o+, 
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and inverting output, 0-. Additionally, a fourth NMOS device 
MN4 is provided Which has its gate driven by the non-invert 
ing output of the ampli?er A, 0+, to generate feedback cur 
rent. The source of MN4 is coupled to the ground node and its 
drain is coupled to a ?fth PMOS transistor Which is in a diode 
con?guration With its source coupled to the Vdd poWer sup 
ply. In this embodiment, the gates of MP1, MP2, MP3 and 
MP4 are coupled to the gate of diode con?gured MP5. The 
gate of the load NMOS transistor MN1 is driven by the 
inverting output of the ampli?er A. There are tWo negative 
feedback loops around the ampli?er A. The ?rst negative 
feedback loop With dominant gain is from the non-inverting 
output, o+, via MN4, MP5, and MP2 to the inverting input of 
the ampli?erA. The second negative feedback loop With less 
gain than the ?rst feedback loop is from the inverting output, 
o—, via MN1, Q2 to the inverting input of the ampli?erA. Due 
to this double negative feedback the ampli?erA is more stable 
compared to the ampli?er of the circuit 300. Otherwise, the 
operation of the bandgap voltage reference circuit 400 is 
substantially similar to the operation of the bandgap voltage 
reference circuit 300. In particular, the bandgap reference 
voltage at the output node ref is the summation of the base 
emitter voltage difference AVbe developed across the drain 
source of the load NMOS transistor MN1 summed With the 
voltage drop across the drain source of MN2 and the base 
emitter voltage (CTAT) of the third bipolar transistor Q3. 
Thus, the voltage at the output node ref is also given by 
equation (13) above. 

It Will be appreciated by those skilled in the art that While 
schematically shoWn as single transistors, that the bipolar 
transistors Q1 and Q2 can be implemented using a stack 
arrangement of bipolar transistors. In such a circuit a larger 
base-emitter voltage difference is re?ected over the load tran 
sistor MN1 operating in triode region and a loWer gain for the 
PTAT voltage is required. 

Referring noW to FIG. 5, there is illustrated another band 
gap voltage reference circuit 500 Which generates a bandgap 
voltage reference Without using a resistor in accordance With 
the teaching of the present invention. The bandgap voltage 
reference circuit 500 is substantially similar to the bandgap 
voltage reference circuit 400, and like components are iden 
ti?ed by the same reference labels. The portion of the circuit 
of FIG. 5 indicated by reference numeral 1 is substantially 
similar to the bandgap voltage reference circuit 400. The main 
difference betWeen the circuit 500 and the circuit 400 is that 
the circuit 500 includes a compensation circuit indicated by 
reference numeral 2 Which compensates for curvature error. 

The compensation circuit 2 includes a ?fth NMOS transis 
tor MNS Which has its gate driven by the non-inverting output 
of the ampli?erA so that its drain current provides additional 
linear PTAT bias current. A fourth PNP bipolar transistor Q4 
has its base coupled to the drain of the ?fth NMOS transistor 
MNS and its collector coupled to ground receives the addi 
tional PTAT current from the drain of MNS and transforms 
the PTAT current into a non-linear biasing current in the form 
of an emitter current With an inherent collector to base current 
ratio factor beta (BF) 

The emitter current of Q4 is an exponential current When 
[3>l. The source current of MP6 is also the emitter current of 
Q4 and is therefore an exponential current. The emitter of the 
fourth bipolar transistor Q4 is coupled to a mirror arrange 
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8 
ment comprising tWo PMOS transistors MP6, and MP7. MP6 
and MP7 mirror the emitter current of the fourth bipolar 
transistor Q4 and delivers it to the emitter of the ?rst bipolar 
transistor Q1. Due to the collector current density difference 
betWeen the ?rst bipolar transistor Q1 and the second bipolar 
transistor Q2, a base emitter voltage difference, AVbe, is 
developed across drain-source resistance r0” of the load 
NMOS transistor MN1 Which is operated in the triode region. 
The PTAT bias current from MN4 is mirrored by MP1 so that 
it ?oWs into the emitter of the ?rst bipolar transistor Q1, and 
is also mirrored by MP2 so that it ?oWs into the emitter of the 
second bipolar transistor Q2. The emitter currents of the ?rst 
bipolar transistor Q1 and the second bipolar transistor Q2 are 
unbalanced as emitter current of ?rst bipolar transistor Q1 has 
tWo components, one having a PTAT form being derived from 
MP1 and one having an exponential form derived from MP7. 
The emitter current of the second bipolar transistor corre 
sponds to the PTAT current from MN4. This imbalance 
betWeen the emitter currents of the ?rst and second bipolar 
transistors Q1 and Q2 corrects the second order reference 
voltage curvature error Which Would otherWise be evident at 
the output node ref. 

It Will be understood that What has been described herein 
are exemplary embodiments of circuits Which have many 
advantages over the bandgap voltage reference circuits 
knoWn heretofore. One such advantage Which is derivable 
from the teaching to use a MOS transistor operating in the 
triode region is that circuits provided in accordance With the 
teaching of the invention are less sensitive to process varia 
tions compared to circuits implemented using resistors. A 
further advantage is that the circuit occupies less silicon area. 

While the present invention has been described With refer 
ence to exemplary arrangements and circuits it Will be under 
stood that it is not intended to limit the teaching of the present 
invention to such arrangements as modi?cations can be made 
Without departing from the spirit and scope of the present 
invention. In this Way it Will be understood that the invention 
is to be limited only insofar as is deemed necessary in the light 
of the appended claims. 

It Will be understood that the use of the term “coupled” is 
intended to mean that the tWo transistor s are con?gured to be 
in electric communication With one another. This may be 
achieved by a direct link betWeen the tWo transistors or may 
be via one or more intermediary electrical transistors or other 
electrical elements. 

Similarly the Words “comprises” and “comprising” When 
used in the speci?cation are used in an open-ended sense to 
specify the presence of stated features, integers, steps or 
components but do not preclude the presence or addition of 
one or more additional features, integers, steps, components 
or groups thereof. 

I claim: 
1. A bandgap voltage reference circuit comprising: 
an ampli?er having an inverting input, a non-inverting 

input and an output, 
?rst and second bipolar transistors operating at different 

collector current densities each associated With a corre 
sponding one of the inverting and non-inverting inputs 
of the ampli?er, 

a ?rst load MOS transistor of a ?rst aspect ratio being 
driven by the ampli?er to operate in the triode region 
With a corresponding drain-source resistance r0”, the 
?rst load MOS device being operably coupled to the 
second bipolar transistor such that a base-emitter volt 
age difference (AVbe) resulting from the collector cur 
rent density difference betWeen the ?rst and second 
bipolar transistors is developed across the drain-source 
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resistance r0” of the ?rst load MOS transistor, the voltage 
difference (AVbe) being PTAT from drain to source; 

a second load MOS transistor of the same type as the ?rst 
load MOS transistor and With a second aspect ratio dif 
ferent than the ?rst aspect ratio, such that the PTAT 
voltage developed across the ?rst load MOS transistor is 
re?ected With a gain across the second load MOS tran 
sistor, the gain voltage being PTAT from drain to source 
of the second load MOS transistor, from Which a refer 
ence voltage is derived; and 

a cascoded MOS device of a second aspect ratio operably 
coupled to the ?rst load MOS transistor and being driven 
by the ampli?er to operate in the triode region. 

2. A bandgap voltage reference circuit as claimed in claim 
1, Wherein the ?rst and second aspect ratios are such that the 
drain-source voltage of the cascoded MOS device (V d5) is a 
scaled representation of the base-emitter voltage difference 
(A\/be)~ 

3. A bandgap voltage reference circuit as claimed in claim 
2, Wherein the ?rst aspect ratio is greater than the second 
aspect ratio. 

4. A bandgap voltage reference circuit as claimed in claim 
2, Wherein the load MOS device comprises a plurality of unity 
MOS transistors coupled together in parallel. 

5. A bandgap voltage reference circuit as claimed in claim 
4, Wherein the cascoded MOS device comprises at least one 
unity MOS transistor. 

6. A bandgap voltage reference circuit as claimed in claim 
4, Wherein the load MOS device comprises four unity MOS 
transistors. 

7. A bandgap voltage reference circuit as claimed in claim 
2, Wherein the circuit further comprises a feedback arrange 
ment driven by the ampli?er for biasing the ?rst and second 
bipolar transistors, the load MOS device and the cascoded 
MOS device. 

8. A bandgap voltage reference circuit as claimed in claim 
7, Wherein the circuit further comprises a diode con?gured 
MOS device coupled to the gates of the load MOS device and 
the cascoded MOS device. 

9. A bandgap voltage reference circuit as claimed in claim 
8, Wherein the diode con?gured MOS device is located inter 
mediate the cascoded MOS device and the feedback arrange 
ment. 

10.A bandgap voltage reference circuit as claimed in claim 
7, Wherein the feedback arrangement comprises a plurality of 
PMOS transistors. 

11 . A bandgap voltage reference circuit as claimed in claim 
2, Wherein the load MOS device is located intermediate the 
second bipolar transistor and the cascoded MOS device. 

12.A bandgap voltage reference circuit as claimed in claim 
11, Wherein the drain of the load MOS device is coupled to the 
non-inverting input of the ampli?er, and the source of the load 
MOS device is coupled to the emitter of the second bipolar 
transistor. 

13 . A bandgap voltage reference circuit as claimed in claim 
2, Wherein the emitter of the second bipolar transistor is 
directly coupled to the non-inverting input of the ampli?er, 
and the base of the second bipolar transistor is coupled to a 
node intermediate the load MOS device and the cascoded 
MOS device. 

14.A bandgap voltage reference circuit as claimed in claim 
1, Wherein the ampli?er further comprises an inverting output 
and a non inverting output, the non-inverting output drives a 
?rst negative feedback gain loop, and the inverting output 
drives a second negative feedback gain loop. 
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10 
15. A bandgap voltage reference circuit as claim in claim 

14, Wherein the gain provided by the ?rst negative feedback 
gain loop is greater than the gain provided by the second 
negative feedback gain loop. 

16. A reference voltage circuit as claimed in claim 1, 
Wherein the circuit further comprises a compensation circuit 
for correcting curvature error. 

17. A reference voltage circuit as claimed in claim 16, 
Wherein the compensation circuit is con?gured for biasing 
one of the ?rst and second bipolar transistors With current 
With exponential characteristics. 

18. A bandgap voltage reference circuit comprising: 
an ampli?er having an inverting input, a non-inverting 

input and an output, 
?rst and second bipolar transistors operating at different 

collector current densities each associated With a cor 
responding one of the inverting and non-inverting 
inputs of the ampli?er, 

a load MOS device comprising a plurality of unity MOS 
transistors coupled together in parallel and driven by 
the ampli?er to operate in the triode region With a 
corresponding drain-source resistance r0”, the load 
MOS device being operably coupled to the second 
bipolar transistor such that a PTAT base-emitter volt 
age difference AVbe resulting from the collector cur 
rent density difference betWeen the ?rst and second 
bipolar transistors is developed across the drain 
source resistance r0” of the load MOS device, the 
voltage difference (AVbe) being PTAT from drain to 
source, and 

at least one cascoded MOS device being operably 
coupled to the load MOS device and comprising at 
least one unity MOS transistor and driven by the 
ampli?er to operate in the triode region, the number of 
unity transistors in the ?rst MOS device being such 
that the drain-source voltage of the second MOS tran 
sistor Vds2 is a scaled representation of the base 
emitter voltage difference AVbe. 

19. A bandgap voltage reference circuit comprising: 
an ampli?er having an inverting input, a non-inverting 

input and an output, 
?rst and second bipolar transistors operating at different 

collector current densities each associated With a cor 
responding one of the inverting and non-inverting 
inputs of the ampli?er, 

a load MOS device comprising a plurality of unity MOS 
transistors coupled together in parallel and driven by 
the ampli?er to operate in the triode region With a 
corresponding drain-source resistance r0”, the load 
MOS device being operably coupled to the second 
bipolar transistor such that a PTAT base-emitter dif 
ference AVbe resulting from the collector current den 
sity difference betWeen the ?rst and second bipolar 
transistors is developed across the drain-source resis 
tance r0” of the load MOS device, the voltage differ 
ence (AVbe) being PTAT from drain to source, and 

at least one cascoded MOS device being operably 
coupled to the load MOS device and comprising at 
least one unity MOS transistor and driven by the 
ampli?er to operate in the triode region, the aspect 
ratio of each unity MOS transistor is such that the 
drain-source voltage of the second MOS transistor 
Vds2 is a scaled representation of the base-emitter 
voltage difference AVbe. 

20. A bandgap voltage reference circuit comprising: 
an ampli?er having an inverting input, a non-inverting 

input, an inverting output, and a non-inverting output; 
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?rst and second bipolar transistors operating at different 
collector current densities each associated With a corre 
sponding one of the inverting and non-inverting inputs 
of the ampli?er; 

a ?rst MOS device driven by the non-inverting output of the 
ampli?er and having a drain operably coupled to a sec 
ond MOS device being in a diode con?guration With a 
gate coupled to respective gates of a plurality of other 
MOS devices; 

a load MOS device driven by the inverting output of the 
ampli?er to operate in the triode region With a corre 
sponding drain-source resistance r0”; and 

at least one cascoded MOS device being operably coupled 
to the load MOS device and driven by another one of the 
plurality of other MOS devices, the at least one cascoded 
MOS devices being operably coupled to a gate of a third 
bipolar transistor Whose source is a reference voltage. 

21. The bandgap voltage reference circuit of claim 20, 
Wherein the ampli?er has tWo feedback loops; 

a ?rst feedback loop is formed via the ?rst MOS device, the 
second MOS device, and one of the plurality of other 
MOS devices that has a drain connected to the inverting 
input of the ampli?er; and 

the second feedback loop is formed via the load MOS 
device and the second bipolar transistor associated With 
the inverting input of the ampli?er. 

22. The bandgap voltage reference circuit of claim 21, 
Wherein the ?rst feedback loop has a dominate gain. 
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23. A bandgap voltage reference circuit comprising: 
an ampli?er having an inverting input, a non-inverting 

input and an output; 
?rst and second bipolar transistors operating at different 

collector current densities each associated With a corre 
sponding one of the inverting and non-inverting inputs 
of the ampli?er; 

a ?rst load MOS transistor of a ?rst aspect ratio being 
driven by the ampli?er to operate in the triode region 
With a corresponding drain-source resistance r0”, the 
?rst load MOS device being operably coupled to the 
second bipolar transistor such that a base-emitter volt 
age difference (AVbe) resulting from the collector cur 
rent density difference betWeen the ?rst and second 
bipolar transistors is developed across the drain-source 
resistance r0” the ?rst load MOS transistor, the voltage 
difference (AVbe) being PTAT from drain to source; 

a second load MOS transistor of the same type as the ?rst 
load MOS transistor and With a second aspect ratio dif 
ferent than the ?rst aspect ratio, such that the PTAT 
voltage developed across the ?rst load MOS transistor is 
re?ected With a gain across the second load MOS tran 
sistor, the gain voltage being PTAT from drain to source 
of the second load MOS transistor, from Which a refer 
ence voltage is derived; and 

a third bipolar transistor for providing a CTAT voltage. 

* * * * * 


